Mass production, sterilization, and release of screwworms (Cochliomyia hominivorax (Coquerel)) that were competitive in the field significantly contributed to the successful application of the sterile insect technique for eradication of screwworms from continental North America. Metabolic byproducts resulting from protein-rich diets required for larval screwworms lead to ammonia liberation, sometimes at high levels, within the mass rearing facility. Until recently a sodium polyacrylate gel bulking agent was used for the larval media and adsorbed much of the ammonia. A need to replace the gel with an environmentally "friendly" bulking agent, while not increasing ammonia levels in the rearing facility, led to a series of experiments with the objective of developing procedures to reduce ammonia emissions from the larval media bulked with cellulose fiber. Additives of ammonia-converting bacteria, potassium permanganate, and Yucca schidigera Roezl ex Otrgies powder extract, previously reported to reduce ammonia levels in organic environments, were evaluated. Ammonia-converting bacteria did not have a positive effect. Addition of Y. schidigera powder extract ($1% of total volume), potassium permanganate ($250 ppm), and a combination of these two additives (at these same concentrations) kept ammonia at equivalent levels as when larval media was bulked with gel. Potassium permanganate also had sufficient antimicrobial properties that the use of formaldehyde in the diet was not necessary. Further testing is needed, at a mass rearing level, before full implementation into the screwworm eradication program.
The successful eradication of screwworms, Cochliomyia hominivorax (Coquerel), from North and Central America using the sterile insect technique has relied on the ability to mass produce screwworms that, after sterilization, were competitive in the field. Economical mass production of high-quality insects for use in sterile insect release programs is critically important (Parker 2005) .
Larval screwworms require a highly proteinaceous diet (Taylor and Mangan 1987) . Because of costs in both medium constituents and labor, larval rearing has moved from using lean beef, through other sources of meat, a hydroponic diet (using dry ingredients), to a diet using dry ingredients and polyacrylate gels for bulking, to using cellulose fiber for the bulking agent (Chen et al. 2014) .
A sodium polyacrylate gel (Waterlock G400 and later Aquatain-400), even though costly and nonbiodegradable, has been used as the bulking agent to rear screwworm larvae (Taylor et al. 1991 , Chaudhury et al. 2002 at the mass production facility by the Comisió n Panamá -Estados Unidos para la Erradicació n y Prevenció n del Gusano Barrenador del Ganado (COPEG). The gel adsorbs ammonia, typically keeping ammonia concentrations in the rearing area at moderate levels (Taylor 1988 ) but, because the ammonia is kept within the diet, may have a negative impact on larvae.
Cellulose fiber is a less expensive and biodegradable material, used to replace gel as a bulking agent, available from several suppliers and, as determined using quality control parameters established by COPEG (such as total egg production, pupal quantity, pupal weight, adult emergence, etc.), produces superior quality screwworms (Chaudhury and Skoda 2007) but does not adsorb ammonia. Ammonia liberated from metabolic processes during larval growth in some diets can reach significant levels in the mass rearing facility (Merkle 1985) , negatively impacting the comfort of employees and, probably, the quality of insects as well. Release of ammonia from diets bulked with cellulose fiber is higher than those bulked with gel; developing methods to reduce ammonia levels when using cellulose fiber to equivalent or lower levels as when using gel will benefit the mass rearing operations of COPEG. Therefore, several sequential experiments were conducted, using products (as diet additives) previously reported successful in reducing ammonia in organic environments, with the objective of developing procedures to reduce ammonia emissions from the larval media to the same or lower levels as with gel when cellulose fiber is used as the bulking agent.
Materials and Methods
This work was done in the USDA-ARS Screwworm Research Unit's Bio-secure II laboratory, collocated with COPEG, near Pacora, Panama. The strain Jamaica-06 (J-06), developed from 47 separate lines collected across Jamaica in 2006 and currently used in sterile screwworm releases, was used in all experiments. The base screwworm larval culture medium (untreated controls) used in this work consisted of 5% spray dried blood, 5% spray dried eggs, 4% spray dried milk, bulking agent (6% cellulose fiber (CF-100; Central Fiber Corporation, Wellsville, KS) or 1.2% gel (Aquatain-400; Pioneer Medical Inc. (Lakeland, FL)), 0.12% formaldehyde (for microbial control), and about $80% (for cellulose diet) or $84.7% (gel diet) water by volume unless otherwise stated. Screwworm eggs were collected from the COPEG mass production colony. Aliquots of 100 6 3 mg of eggs ($2,200 eggs/100 mg) were weighed and incubated at 37 6 1.0 C in 0.3 liter of culture media in separate 2-liter plastic pans (called initiation); two subsequent feedings (addition of media; one 48 h and one 72 h after initiation) each consisted of 0.6 liter. Other procedures were according to those previously reported (Chaudhury and Skoda 2007) unless stated otherwise. Standard quality measurements were recorded on resultant screwworms from all treatments and included: total weight of pupae recovered; weight of 100 pupae (for use in estimating total number of pupae; (total weight/weight of 100) Â 100); average puparial weight (weight of 100/100); percentage survival from egg to pupa; and percentage adult emergence from puparia.
For all tests, the pH of the larval media was measured (EXStik pH 100; EXTECH Instruments, Nashua, NH) in three different locations (two opposite corners and center) immediately before new media was added. Ammonia readings were taken according to manufacturer's specifications using the Drä ger Pac 7000 (Drä eger Safety Inc., Pittsburgh, PA) and/or the Mini Rae 3000 (RAE Systems, Inc., San Jose, CA; on loan from COPEG); meters were turned off after each reading. Following these readings, Drä ger passive dose-tubes (range 20 to 1,500 ppm; Drä eger Safety Inc.) were placed, as per manufacturer's directions, in pre-determined locations within experimental chambers for 4 h, collected and the ammonia readings were recorded unless stated otherwise.
Preliminary Tests
The effect on larval screwworm survival was determined for two additives with the potential to reduce ammonia emissions: Yucca schidigera Roezl ex Ortgies extract (Biosol; Ultra Bio-Logics Inc., 24 Sequin Rigaud QC, Canada) and a mix of three ammonia-converting bacteria (Microbe-Lift NITE-OUT II, Ecological Laboratories, Inc., Cape Coral, FL) as well as a mix of gel and cellulose fiber as the bulking agent (0.6% gel and 3.0% cellulose). Each additive was used in 2-liter pans of larval media (cellulose fiber as the bulking agent) at the dose recommended for small animals by the manufacturer (Biosol) or for water treatment (Microbe-Lift NITE-OUT II). Two base media untreated controls were used: 1) bulked with cellulose fiber, and 2) bulked with gel. Each treatment pan was placed inside a separate, $40 liter, plastic container with a cover and placed in incubators (32 6 1 C, closed environment, no air exchange, no lighting); a hole in the cover ($2 cm), which was closed with a rubber stopper, was used to take ammonia measurements using the Mini Rae 3000. Three replicates of one pan for each treatment were done. Ammonia levels were recorded once every 24 h over 5 d. Final puparial recovery and adult emergence were recorded. Descriptive statistics only (i.e., means 6 standard error) were used for these preliminary tests.
The optimum dose of potassium permanganate (KMnO 4 , Sigma-Aldrich Corp., St. Louis, MO) was then evaluated for ammonia reduction and ability to yield good quality screwworms in diet bulked with cellulose fiber. Because KMnO 4 has antimicrobial properties (US Environmental Protection Agency [USEPA] 1999) , no formaldehyde was used in these treatments. The KMnO 4 was prepared as a 10% stock solution and then added to the diet at final concentrations of 100 ppm, 250 ppm, and 1,000 ppm. The untreated control was the base larval diet with the cellulose fiber bulking agent.
All the pans from each treatment were placed inside their respective, separate incubators at 32 6 1 C ($40 liter, closed environment, no air exchange, no lighting) immediately after the larvae received the second feeding (72 h old). Ammonia levels were measured inside the incubators 24 h later (average of three readings taken at 10-min intervals for each treatment) using the Drä ger Pac 7000. Following this, one Drä ger passive dose-tube was placed inside each incubator.
Three replicates were done using a randomized complete block (blocks ¼ days) experimental design. Multivariate analysis of variance (MANOVA; Proc GLM, SAS Institute 2008) was used to detect differences in means of ammonia production, puparial size, and percentage survival; when significant differences were indicated, univariate ANOVA were evaluated for each response variable and Tukey's HSD was used for mean separation. After observing the means graphically ( Fig. 1) , polynomial regression models (PROC REG, SAS Institute 2008) were also used to evaluate dose response of KMnO 4 on ammonia levels and screwworm survival with the objective of determining the dose exhibiting the lowest ammonia levels with optimal screwworm survival.
Supplementing KMnO4 with Yucca Extract
KMnO4, from a 10% stock solution, was used in all treatments for reducing ammonia production and to prevent microbial growth. The initiation larval media and first feeding received 0.025% KMnO 4 while the second feeding received 0.12% (final concentration about 0.042%). Biopowder (Y. schidigera powder extract; Baja Agro International, Baja California, Mexico -equivalent to Biosol but different provider) was added into the larval diet to determine if there was synergistic activity in ammonia reduction.
Each of the following tests had an untreated control consisting of the same diet used in the production floor (using gel bulking agent; treatments 1, 4, 7, and 10 for tests 1, 2, 3, and 4, respectively). The first test used Biopowder at 0.25, 0.75 and 1.2% for the initiation media, first and second feedings, respectively. Cellulose fiber bulking agent was used at the levels of 5.5% for the initiation media and first feeding; the second feeding compared 4.5% (treatment 2) to 5% (treatment 3) of cellulose fiber. The second test incorporated Biopowder at 1.2% and cellulose fiber at 4% in the larval media (treatment 5) compared to Biopowder at 1.0% and cellulose fiber at 5% in the larval media (treatment 6). In the third test, gel bulking agent was used (1.2% gel) with Biopowder added to the first and second feeding at 0.25 and 0.5%, respectively (treatment 8); this was compared to larval media bulked with 3% cellulose fiber for initiation, 1.5% fiber and 1.0% gel bulking agent and 1.0% Biopowder for the first and second feedings (treatment 9). The fourth test used 1.0% Biopowder in the media and compared cellulose fiber bulking agent at 5.0% (treatment 11) and 4.0% (treatment 12). Additionally in the fourth test, after the first and second readings for ammonia detection (see below), water containing 0.025% of KMnO 4 was sprayed over the surface of the larval media (both treatments; typically less than 50 ml of water per tray of media), until the surface was "glistening," using a small back pump with an ultra-low volume tip.
Scale-sized environmental chambers ($0.85 m 3 ; $1:1,600 scale) were used for these tests (Fig. 2) . Openings for air exchange were located in the chambers. One small fan was installed in a hole at the top of each chamber for air extraction (6 air exchanges per hour; equivalent to air exchange in COPEG's screwworm mass rearing facility); this port was where the ammonia readings were taken using the Drä ger Pac 7000 (extraction fan was removable).
The experimental groups were placed (treatments and untreated control pans) inside their respective acrylic test chambers immediately after the second feeding ($48-h-old larvae). Test chambers were located in the rearing room (Rm. No. 1177, at 32 6 1 C, within COPEG's screwworm mass rearing facility). Ammonia levels in the test chambers were checked using the Drä ger Pac 7000. Readings began after treatments were in place for 24 h and were taken every 4 h (08:00-12:00-16:00). The meter was placed in the opening of the extraction fan in the top of the chamber. Once the reading was taken, the door of the cubicle was opened to allow air exchange for 10 min. Then one Drä ger passive dose tube was placed inside the chamber (upper "shelf").
The pans and trays (treatments containing 96-h-old larvae) were removed from the chambers and saved for pupation. Standard quality parameters (i.e., weight of 100 pupae, total weight of pupae, etc. as defined above) were measured and recorded for analysis. Three replications of each test were done. MANOVA (PROC GLM; SAS Institute 2008) was used to determine the treatment effects on ammonia production (ppm), puparial size, and puparial recovery (percentage survival); on viewing the means, pH was also evaluated. All 12 treatments were compared in one analysis (randomized complete block experimental design (RCB) where days ¼ blocks; split plot treatment design where weeks ¼ plots). Separate statistical analyses (RCB, MANOVA) were also performed on tests 1 through 4 (as defined above). Results from media using gel bulking agent (the untreated controls for each of the four tests) were compared in another separate analysis (RCB, MANOVA). When significant differences were detected in any of the above MANOVA, univariate ANOVA were evaluated and, when warranted, mean separations were done using Tukey's HSD.
Results
In the preliminary tests, ammonia-converting bacteria showed no positive effect either in ammonia reduction or in overall puparial survival compared to the controls and other treatments and, therefore, were eliminated from further consideration; the other treatments were comparable (Table 1) . With KMnO 4 , MANOVA detected significant effects in the response variables; univariate statistics showed that the ammonia levels and puparial size recorded were significantly different (P 0.05) with lower ammonia from 250 ppm of KMnO 4 and lower puparial size from 1,000 ppm of KMnO 4 (Table 2) . Although survival was not statistically different (P ¼ 0.07) it was notably higher at 250 ppm of KMnO 4 ( Table 2) . Polynomial regression fitted a significant line to ppm of ammonia; the polynomial regression fit for percentage survival was also significant (Fig. 1) . The 250 ppm dose of KMnO 4 was determined to be optimum.
Effects of Supplementing KMnO4 with Yucca Extract
The MANOVA for all treatments detected significant effects in the response variables; the univariate statistics were used to evaluate responses of ammonia production (ppm), puparial size (mg), percentage survival, and pH. Ammonia production and percentage survival were not significantly different while puparial size and pH were significantly different (Table 3 ). The MANOVA for individual tests gave the following results: the first test had no significant effects; the second test had significant effects and univariate analyses indicated that puparial size was significantly different (treatment 5 had smaller pupae; Table 3 ); the third test had significant effects and univariate analyses indicated that puparial size and pH were different between treatments (treatment 7 had larger pupae and treatment 8 had lower pH; Table 3 ); the fourth test had significant effects and univariate analyses indicated that pH was significant (treatment 10 had lower pH; Table 3 ); and the analysis of the four untreated controls had significant effects with univariate analyses indicating that pH differed significantly (treatments 7 and 10 had lower pH; Table 3 ).
Discussion
KMnO4 (an oxidizing agent and general disinfectant) has been used to reduce ammonia concentrations in poultry farms (Do et al. 2005) , for odor abatement in dairy farms (Ritter et al. 1975 , Stallings et al.1978 , Xue and Chen 1999 , odor control in wastewater treatment (Pisarczyk and Rossi 1982, USEPA 2000) , and for odor reduction and microbial control in water treatment facilities (USEPA 1999) ; this is the first exploration of its use as a feed additive in the screwworm media. McCrory and Hobbs (2001) indicated that masking, disinfecting, and oxidizing agents can provide shortterm control of malodor, but as the capacity of these additives is finite, they require frequent reapplication. Results herein show that KMnO 4 , added at 250 ppm to larval media with cellulose fiber as bulking agent, kept the ammonia to an equivalent level compared to the larval media with gel bulking agent; also, puparial size and percentage survival were comparable.
The Yucca extract also had, generally, a positive impact in reducing ammonia production from larval screwworm diet when added to the cellulose fiber bulked diet while maintaining high quantity and quality of screwworms. In other studies Yucca extracts, particularly saponins (Y. schidigera the most common source), have been shown to not only reduce ammonia production but also had several other diverse effects such as modest antimicrobial activity (Francis et al. 2002) .
As reported by Chaudhury and Skoda (2009) , the pH of diets bulked with cellulose fiber tended to maintain values near neutral ($6.5-7.2). This may be, in part, positive for the development of screwworm larvae as previous reports showed that infected animal wounds had near neutral pH (Laake and Smith 1938) . Another aspect of bulking the diet with cellulose rather than gel that may be beneficial to larval screwworm development is that the ammonia escapes from the diet rather than remaining adsorbed within the diet.
Screwworms have been maintained using larval media bulked with cellulose fiber (Chaudhury and Skoda 2007) plus KMnO 4 (250 ppm) in the USDA-ARS Screwworm Research Unit Laboratory for several years; the insects exhibit quality parameters that are equivalent to or higher than those reared on gel diet. KMnO4 has had no deleterious effects on the insects; also, no visible microbial contamination has been seen in the insect medium (no formaldehyde is used by ARS). Cellulose fiber is less expensive (US$0.50/kg) than gel (US$6.00/kg); with just the material cost, replacing gel with cellulose fiber for mass rearing 150 million pupae per week would result in a savings of more than US$100,000 annually (Chaudhury and Skoda 2007 ; calculations for savings based on prices in 2006).
KMnO 4 not only reduced the ammonia production from larval media with cellulose fiber as bulking agent, it also replaced the use of formaldehyde as an antimicrobial (although the antimicrobial effect of the Yucca extract was not specifically tested, which may have had an additional, positive impact). The use of KMnO 4 in larval diet bulked with cellulose fiber will provide a healthier environment for employees through the elimination of the use of formaldehyde, the maintenance of ammonia production at the same level as when using gel bulked diets, and provides for a more "environmentally friendly" waste. These advantages from using KMnO 4 to replace formaldehyde are provided with very little cost difference (at current production levels costs would increase by $US$950/yr); the slight difference in cost is offset by replacing gel with cellulose fiber and improved environmental safety. Of course, successful rearing in the laboratory may not translate to success in the mass rearing facility for screwworms. The use of KMnO 4 along with Yucca extract in the larval diet has a positive effect on ammonia reduction; however, there are indications of a need for integrated ammonia management on the rearing floor. Along with engineering controls (air exchange), spraying the larval trays containing late third instars with 0.025% of KMnO 4 in water should help not only to reduce the ammonia concentration in the environment but also to evenly speed the crawling of mature larvae from the media, for more homogeneous larval collection, by maintaining adequate moisture levels in the larval media.
In conclusion, the use of KMnO 4 and powdered Yucca extract maintains ammonia concentrations at equivalent levels to the gel media when cellulose fiber is used to bulk the larval media. Replacing gel with cellulose fiber as the bulking agent in the larval media for screwworm mass production is supported. Further testing by the Technical Direction of COPEG is recommended; the fiber has considerably lower cost, produces higher quality flies, and the resulting waste is environmentally "friendly." The fact that KMnO 4 is antimicrobial, which can replace formaldehyde, results in a generally safer work environment (formaldehyde is a suspected carcinogen). Finally, these additives could be explored for their ability to reduce ammonia liberation in other insect rearing programs.
